Protein kinase Cs (PKCs) are implicated in many forms of synaptic plasticity. However, the specific isoform(s) of PKC that underlie(s) these events are often not known. We have used Aplysia as a model system in order to investigate the isoform specificity of PKC actions due to the presence of fewer isoforms and a large number of documented physiological roles for PKC in synaptic plasticity in this system. In particular, we have shown that distinct isoforms mediate distinct types of synaptic plasticity induced by the same neurotransmitter: The novel calcium-independent PKC Apl II is required for actions mediated by serotonin (5-HT) alone, while the classical calcium-dependent PKC Apl I is required for actions mediated when 5-HT is coupled to activity. We will discuss the reasons for PKC isoform specificity, assess the tools used to uncover isoform specificity, and discuss the implications of isoform specificity for understanding the roles of PKC in regulating synaptic plasticity.
Defining PKC isoforms
There are four major PKC isoforms conserved over evolution
Much of the difficulty of studying isoform specificity in mammalian PKCs comes from the large number of isoforms (nine genes and at least 11 major isoforms). PKCs are ancient kinases that are present from the time of early animals. To determine the time frame of isoform evolution we performed a Phylip analysis of the kinase domain of PKC isoforms from both mammals and a number of species that mark different evolutionary pathways. We used the kinase domain, since this domain is the most highly conserved, and thus, most useful for detailing evolutionary history. From this analysis it is clear that there are four ancient isoforms of PKC ( Fig. 1) : a "classical" form with a C2 domain that is sensitive to calcium similar to mammalian PKCs ␣, ␤, and ␥; a "novel" isoform with similarity to mammalian PKCs ␦ and ; a distinct "novel" isoform with similarity to mammalian PKCs and ; and an atypical isoform with similarity to mammalian PKCs and . These four ancient classes of PKC had already diverged from each other before the bilaterian ancestor, and thus all metazoan animals would be expected to contain at least one of these isoforms, unless an isoform has been lost over evolution. While kinases in yeast have been called PKCs (Levin et al. 1990 ), due to the presence of a related kinase domain preceded by C1 and C2 domains, this analysis shows that the kinase domains of these kinases are at least as similar to mammalian PKC-related kinases (PRKs, also known as PKNs), and this is confirmed by the retention in PRKs of a conserved regulatory domain that allows regulation by small GTPases that is also present in yeast "PKCs," but absent in animal PKCs.
Thus, during evolution yeast kinases, PKCs and PKNs diverged from an ancient kinase. Afterward, PKCs diverged into four distinct isoforms. There is a high probability that the atypical PKCs diverged first (Fig. 1) ; however, the relationship between the other three isoforms is not clear. The analysis shown has the novel form including PKC diverging first, but alternative models for the arrangement of classical and novel PKCs are also supported at lower probabilities (i.e., ␦ and families diverging after separation from classical PKCs). During chordate evolution, gene duplications have led to additional closely related isoforms such as PKCs ␣, ␤, and ␥ for the classical PKCs. It is quite surprising that unlike all of the other putative chordate duplications, the kinase domain of PKC is less similar to PKC than to invertebrate homologs. While this suggests that PKC diverged from PKC before the chordate duplication, this seems unlikely since no PKC outside of chordates is more similar to PKC than to PKC, and thus one would have to assume that all PKC orthologs had been lost over evolution. More plausible is the possibility that PKC is diverging at a faster rate than other members of this family. Protein kinase Ds have also been called PKCs (PKCµ), but although they contain C1 domains similar to PKCs and yeast PKCs, the kinase domain is not closely related to the PKC family.
While all PKCs share a common kinase domain and Cterminal extension, they differ in the regulatory region (Fig. 2) . Classical PKCs have a pseudosubstrate, followed by tandem C1 domains that bind to diacylglycerol (DAG), and a C2 domain that binds calcium in a phospholipid-dependent manner. Novel PKCs of the ␦ and families have an N-terminal C2 domain that does not bind calcium, followed by the pseudosubstrate, and tandem C1 domains that bind to DAG. Finally, atypical PKCs have a PB1 domain involved in protein-protein interactions, followed by the pseudosubstrate and a single atypical C1 domain that does not bind diacylglycerol (DAG).
PKC isoforms in Aplysia
In this review, we will concentrate on PKC isoform specificity in Aplysia californica, a model system for synaptic plasticity. Initially, two isoforms of PKC were cloned from Aplysia, the classical PKC Apl I and the novel PKC Apl II in the PKC family ( Fig. 1 ) (Kruger et al. 1991) . Both fractionation of the nervous system and quantitative immunoprecipitation experiments suggested that these compromised the vast majority of PKCs in the nervous system of this animal (Sossin et al. 1993) . These assays used phorbol esters, pharmacological analogs of DAG to identify kinase activity. However, atypical PKCs are not activated by DAG or phorbol esters (Ways et al. 1992; Kazanietz et al. 1993) , and would not have been assayed in these experiments. Indeed, we have recently isolated an atypical PKC from Aplysia that we have named PKC Apl III, which is expressed in the nervous system (Bougie et al. 2006) . From the above analysis, it also seems likely that the genome of Aplysia would contain a novel isoform with similarity to PKC␦. Using the trace archives of the Aplysia genome publicly available on the NIH Web site (http://www. ncbi.nlm.nih.gov/blast/mmtrace.shtml), there is clearly a PKC ␦-like kinase domain in the genome of Aplysia; however, this isoform was not detected in the Aplysia nervous system EST collection (Moroz et al. 2006 ). Moreover, it seems unlikely that it is a major isoform in the nervous system (Sossin et al. 1993 ) and instead may be expressed in other tissues like muscle, which contain little PKC Apl I or PKC Apl II (Kruger et al. 1991) , but considerable phorbol-ester-activated PKC activity (W. Sossin, unpubl.) .
What determines the isoform specificity of PKC?
There are a number of reasons that a particular isoform of PKC could be linked to a specific type of physiological event such as synaptic plasticity. Different isoforms are expressed in distinct neurons or distinct subcellular regions of a neuron (e.g., postsynaptic density). There are differences in the requirements of different isoforms to be activated (Fig. 3) . For example, classical PKCs require calcium for activity, while novel and atypical PKCs do not, and thus different isoforms may be activated by distinct stimuli. Finally, isoform specificity can be due to differences in substrate specificity between the isoforms, either due to intrinsic differences in the substrate-binding pocket, or because of differences in protein-protein interactions required to localize the kinase in close proximity to the substrate (Fig. 4) . We will discuss each of these possibilities below, first describing results from Aplysia and their generality for mammalian PKCs.
Anatomical and subcellular localizations of PKCs
In Aplysia, PKC Apl I and PKC Apl II appear to be present in most neurons and in most compartments; thus, this is not a major reason for isoform specificity between these isoforms (Kruger et al. 1991) . The atypical PKC Apl III also appears to be distributed fairly ubiquitously (Bougie et al. 2006 ). In contrast, there appears to be little PKC ␦-like activity in the nervous system (Sossin et al. 1993) . Similarly, in mammals, while there are some differences in the relative neuronal distribution of the different isoforms, in general, most isoforms are found in many different kinds of neurons and in both presynaptic and postsynaptic compartments (Minami et al. 2000; Naik et al. 2000) . Similar to Aplysia, the novel ␦ family, PKCs ␦ and , are expressed at low levels in most neurons, although there are subpopulations of neurons where these kinases are highly expressed, such as PKC␦ in the thalamus (Minami et al. 2000; Naik et al. 2000) .
Differential activation of PKC isoforms
Even when multiple isoforms are present in a subcellular compartment, they may not all be activated during plasticity. In Aplysia sensory neurons, this is one major cause for isoform specificity: PKC Apl II is activated by 5-HT alone, while PKC Apl I is not (Zhao et al. 2006 ). We will discuss reasons for this differential activation below.
Activation by lipid
PKCs all have a pseudosubstrate in the regulatory domain that binds to the catalytic domain, keeping the enzyme in a closed inactive state. PKCs are then activated by a conformational change in the regulatory domain that occurs upon lipid binding, which removes the pseudosubstrate from the catalytic domain, allowing substrates to be phosphorylated (Newton 1995b) . For classical and novel PKCs, lipid binding is greatly enhanced by DAG binding to the C1 domains. A major determinant of isoform specificity between classical and novel PKCs is the C2 domain. Classical PKCs have a C2 domain that binds lipids in a calciumdependent manner (Newton 1995a) . Lipid binding by the C2 domain of classical PKCs has two functions: first, it helps localize PKC to the membrane (Newton 1995a; Oancea and Meyer 1998; Cho 2001 ); second, it removes an inhibitory effect of the C2 Figure 1 . Evolution of kinase domains. Kinase domains were chosen from the public databases using the conserved domain feature of NCBI. Sequences were aligned with Clustal-W, 100 replicates were generated with the Phylip program Seqboot, and then the Phylip program ProtDist was used with the Jones-Taylor-Thornton model to generate a Distance Matrix. Then, the Phylip program Neighbor was used to generate trees from each repetition, the program Consense used to generate the consensus tree, and Drawgram used to make the final tree shown. Bootstrap numbers are given in each node and represent the percentage of total trees that gave the tree shown. For more information on these programs, please see http://evolution.genetics.washington.edu/phylip/phylipweb.html. (*) This low bootstrap number is due to an alternative tree with PKN, Yeast PKCs, and PKCs all as separate groups with a bootstrap of 42. (#) This low bootstrap value is due to the presence of alternative trees for the order of separation of the classes.
domain on DAG binding to the C1 domain (Medkova and Cho 1999; Cho 2001; Slater et al. 2002) . Classical PKCs, like PKC Apl I, thus require calcium in association with DAG for translocation to membranes and activation (Zhao et al. 2006) (Fig. 3) . Similarly, imaging of PKC␥ in hippocampal neurons showed that a conjunction of DAG production downstream of phospholipase C (PLC) activation and calcium was required for translocation (Codazzi et al. 2006) . One difference between classical isoforms in vertebrates is in the affinity of their C2 domains for calcium in vitro, with PKC␥ being the most sensitive (0.7 µM) and PKC␤ the least (5 µM) (Torrecillas et al. 2004 ). It is not clear how this relates to the calcium concentrations required for translocation in cells, since the level of calcium required will change with different concentrations of lipid and DAG. It will be interesting in the future to combine live imaging of PKC translocation with calcium imaging to determine how much calcium is required for translocation and whether this differs between the classical isoforms.
If classical PKCs require calcium-dependent lipid binding to the C2 domain for translocation, do novel PKCs require their C2 domain for translocation as well? The C2 domain of novel PKCs is located N-terminal to the pseudosubstrate and lacks residues for calcium binding (Fig. 2) . The C2 domain of PKC Apl II and vertebrate PKC binds lipid poorly or not at all Corbalan-Garcia et al. 2003; Cho and Stahelin 2006) , although in Aplysia, this binding is increased after phosphorylation (Pepio and Sossin 2001) . Removing the C2 domain in PKC Apl II enhances PKC activation and translocation, suggesting that the major role of this domain is inhibitory C. AbiFarah and W. Sossin, unpubl.) . Similarly, in vertebrate PKCs, removing the C2 domain of novel PKCs either facilitates translocation or has no effect (Stahelin et al. 2005; Giorgione et al. 2006) . There is some evidence that facilitated translocation of novel PKCs is due to a higher membrane affinity of their C1 domains for DAG (Giorgione et al. 2006; Dries et al. 2007 ), although in vitro assays measuring the affinity of the novel C1 domains for DAG do not reveal significantly higher affinities for DAG than classical C1 domains (Corbalan-Garcia and GomezFernandez 2006) . In Aplysia, PKC Apl II is translocated to membranes by 5-HT alone. This is probably due both to a higher affinity for DAG and additional second messengers such as phosphatidic acid that can synergize with DAG to activate PKC Apl II Zhao et al. 2006; C. Abi-Farah and W. Sossin, unpubl.) . Phosphatidic acid has also been shown to be required for translocation of PKC (Jose LopezAndreo et al. 2003) (Fig. 4) .
PKC␦ and have a C2 domain in the same position as the PKC family, but the two C2 domains are highly divergent and differ in structure (Pappa et al. 1998; Ochoa et al. 2001) . The ␦-like PKC C2 domains do no bind lipid, but instead bind phosphotyrosine and are involved in activation of the kinase through protein-protein interactions (Benes et al. 2005) .
Neither DAG nor calcium activates the atypical PKCs, but lipid binding to the C1 domain is still important for activation. Atypical PKCs have a PB1 domain N-terminal to the pseudosubstrate and protein-protein interactions through this domain are important for activation (Moscat and Diaz-Meco 2000; Henrique and Schweisguth 2003; Hirano et al. 2004 ).
Activation by phosphorylation
PKCs are also regulated by phosphorylation (Keranen et al. 1995) (Fig. 2) . All isoforms require phosphorylation by the enzyme phospho-inositide-dependent kinase (PDK) for activity (Chou et al. 1998; Dutil et al. 1998; Le Good et al. 1998; Balendran et al. 2000) . For most classical and novel PKCs, this phosphorylation occurs initially after translation of the kinase, and in its absence the kinase does not fold into a conformation that allows for phosphate transfer and is quickly degraded (Balendran et al. 2000) . In contrast, atypical PKCs do not need this site for stability, and in these kinases, phosphorylation of this site is highly regulated in a PIP-3-dependent fashion and is a mechanism for controling kinase activity (Chou et al. 1998; Balendran et al. 2000) (Fig. 3 ). Classical and novel PKCs are also phosphorylated at a hydrophobic site in a C-terminal extension that is a glutamic acid in atypical PKCs ( Fig. 2) (Newton 1995b; Parekh et al. 1999 ). Phosphorylation of this site stabilizes the enzyme and increases the specific activity of PKCs, including PKC Apl II (Bornancin and Parker 1997; Edwards and Newton 1997; Lim and Sossin 2006) . While PKCs can autophosphorylate this site in vitro (Keranen et al. 1995; Behn-Krappa and Newton 1999; Cenni et al. 2002) , expression of PKCs with mutations that remove their kinase activity are still phosphorylated at this site (Rybin et al. 2003; Lim and Sossin 2006) , suggesting additional mechanisms other than autophosphorylation. The TOR/Rictor complex (rapamycin-insensitive TOR) has been implicated in phosphorylation of this site in cells (Sarbassov et al. 2004 ). Phosphorylation of PKC Apl II at this site (and the PDK-site) is increased during persistent activation of the kinase (Pepio et al. 2002; Lim and Sossin 2006) , and thus, may play a regulatory role layered on top of lipid regulation. There have been a number of publications where increased phosphorylation of this site has been used as a marker of PKC activation (Zhou et al. 2003; Birnbaum et al. 2004; Sivasankaran et al. 2004 ), but whether phosphorylation at this site is a cause or effect of PKC activation is not clear at present. (P-Tyr) tyrosine phosphate. The C2 domains of the novel PKCs ␦ and are shaded differently to emphasize the difference in these domains. Similarly, the C1 domain of atypical PKCs is shaded distinctly, as it does not have the conserved residues required for DAG binding. The PDZ site shown in classical PKCs is not present in all isoforms, but is present in eye-specific PKC in Drosophila, Aplysia PKC Apl I, and PKC␣ in vertebrates. PKC␦ is activated by tyrosine phosphorylation in the hinge domain (Konishi et al. 2001; Kikkawa et al. 2002) . This activation appears to be independent of cleavage or production of DAG (Kikkawa et al. 2002) . PKC␦ is also phosphorylated in the C2 domain on a tyrosine residue (Li et al. 1996) , and this site appears to be important for some functions of PKC␦, but not for PKC␦ activity (Kronfeld et al. 2000; Kikkawa et al. 2002) . Phosphorylation of PKC␦ on tyrosines is facilitated by binding of activated tyrosine kinases (such as Src and Fyn) by the phosphotyrosinebinding C2 domain of PKC␦ (Benes et al. 2005) . This mechanism appears to be specific to this class of PKCs (Fig. 3) .
Activation by cleavage
PKCs can be activated by cleavage in the hinge domain to form an enzyme known as a PKM. This form of the kinase is autonomous (does not require lipids or DAG), since it lacks the pseudosubstrate from the regulatory domain. PKC␦ is cleaved by caspases after apoptotic stimuli and PKM␦ contributes to the apoptosis response (Kikkawa et al. 2002; Brodie and Blumberg 2003) . There is evidence that PKMs may contribute to persistent activation of PKCs during memory formation in many systems including Aplysia (see below) (Grunbaum and Muller 1998; Sutton et al. 2004) . In vertebrates, a PKM form of the atypical PKC, PKM plays an important role in synaptic plasticity and memory in vertebrates (Pastalkova et al. 2006 ) (see below). However, in this case the PKM is not formed by cleavage, but instead a distinct mRNA that encodes PKM is formed from an alternative transcriptional start site generated by a promoter found in an intron of PKC. (Hernandez et al. 2003) . This mRNA encodes an enzyme that lacks the pseudosubstrate domain, and is thus constitutively active.
Activation by oxidation
PKC may also be activated by oxidation (Knapp and Klann 2000) . This is probably due to oxidation of cysteines in the C1 domain causing a conformational change similar to lipid binding (Knapp and Klann 2000) . Superoxides can be formed during synaptic plasticity and superoxide-dependent activation of PKC has been shown to be important for LTP in vertebrates (Knapp and Klann 2002) . In Aplysia, PKC Apl I was preferentially activated by oxidation, but there was no evidence for a physiological role of superoxide in PKC activation by 5-HT in Aplysia (Zabouri and Sossin 2002) .
Measurement of kinase activation
There are multiple ways to measure PKC activation. Measuring kinase activity in vitro by immunoprecipitation of the kinase from cell lysates and then measuring the ability of the isolated kinase to phosphorylate substrates can detect changes in kinase activity due to phosphorylation or other post-translational modifications. While this is a common way to measure kinases other than PKC, since lipid-dependent conformational changes are the major mechanism for PKC activation, this type of assay is not of particular use for determining whether PKC is activated by a specific stimulation. Instead, activation of PKC can be measured by its translocation to the membrane fraction, a measurement of lipid activation (Sando 2003) . This can be determined using subcellular fractionation after lysing cells; however, this technique has several problems, especially in the nervous system. First, the biochemical fraction contains a mixture of different neuronal types where activation of PKCs may be distinct. Second, it is difficult to retain the cellular conditions required for translocation after lysing the cells (Sando 2003) . Imaging translocation of fluorescently tagged PKCs is advantageous, since it allows for examination of translocation in individual intact cells (Saito 2003) . However, one needs to be cautious of perturbations due to overexpression of the kinase and the possibility that the tag can affect translocation (Saito 2003) . Finally, PKC activity is sometimes measured by its phosphorylation state. However, as described above, the role of phosphorylation in the activation of the kinase is still debatable, and in most cases, phosphorylation is not sufficient for activation, and thus not a reliable marker for kinase activation.
Our examination of PKCs in Aplysia offers a cautionary tale for examining isoform specificity using subcellular fractionation. Initial studies used subcellular fractionation from a substantial part of the nervous system. These experiments suggested translocation of the classical calcium-dependent PKC Apl I, but not the novel -like PKC Apl II by 5-HT (Sossin and Schwartz 1992) . However, examination by imaging of GFP-tagged PKCs in sensory neurons showed the opposite result, 5-HT translocated PKC Apl II, but not PKC Apl I in sensory neurons (Zhao et al. 2006 ). The results with GFP-tagged PKCs are consistent with physiological results using dominant-negative PKCs (Manseau et al. 2001; Zhao et al. 2006 ) (see below). In retrospect, the earlier results can be explained by two problems. The nondetection of PKC Apl II translocation was due to the limited number of cells in which Figure 4 . Substrate specificity of PKC isoforms. The different reasons for substrate specificity are illustrated in this figure for two hypothetical PKC isoforms, 1 and 2, and four substrates. Dashed arrows between PKC and substrates indicate that the PKC site in these substrates could be phosphorylated by this isoform and is an illustration of intrinsic substrate specificity. Thus, the site in substrate 1 can only be phosphorylated by PKC 1, the site in substrate 4 can only be phosphorylated by PKC 2, while the sites in substrates 2 and 3 can be phosphorylated by both isoforms. The adaptor proteins can link PKC activation to a specific substrate. Thus, when PKC 1 is activated it will preferentially phosphorylate substrate 2 (dark phosphorylation circle) because of the presence of a specific adaptor protein to link the kinase to this substrate (Adaptor 1). In contrast, activation of PKC 2 will preferentially phosphorylate substrate 3 because of the presence of a distinct adaptor (Adaptor 2).
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www.learnmem.org PKC Apl II is translocated; for example, the more numerous and larger motor neurons do not show 5-HT-mediated PKC translocation (Zhao et al. 2006) . The false detection of PKC Apl I was probably due to an inability to control cellular calcium levels, either during dissection of the ganglia or after lysis, since it is clear from live imaging studies that PKC Apl I requires calcium for translocation (Zhao et al. 2006 ), but in intact cells 5-HT does not increase intracellular calcium levels (Blumenfeld et al. 1990 ).
Substrate specificity of PKC isoforms
Even when multiple PKCs are activated by the same stimulus, there can still be isoform specificity in their physiological roles through their phosphorylation of distinct substrates. This specificity can be driven by intrinsic differences in the catalytic site or due to protein-protein interactions of PKC that localize activated PKC close to particular substrates (Fig. 4) .
Intrinsic substrate specificity of PKCs
There is little evidence for intrinsic substrate specificity within a class of PKCs, but there are differences in optimum substrates between classes (Nishikawa et al. 1997; Fujii et al. 2004 ). Classical PKCs prefer basic residues N-terminal (P+2, P+3) to the substrate, while most novel PKCs prefer hydrophobic residues (Nishikawa et al. 1997) . PKC poorly phosphorylates peptides with a hydrophobic residue in the P‫1מ‬ position, while PKC␦ phosphorylation is not affected by this residue (Fujii et al. 2004 ). In contrast, PKC␦ poorly phosphorylates peptides with a hydrophobic site in the P‫2מ‬ position, while PKC phosphorylation is not affected by this residue (Fujii et al. 2004 ). Thus, certain residues near the phosphorylation site may determine the class of PKC that can phosphorylate a particular substrate sequence. However, other sites can still be phosphorylated by all PKCs (Fig. 4) .
Specificity due to protein-protein interactions
Many protein kinases are localized to their substrates independently of the specificity of the substrate-binding pocket. There have been a number of protein-protein interactions that have been shown to be important for isoform specificity of PKCs. These interactions occur in the C2 domain, the PB1 domain for atypical PKCs, and through C-terminal interactions with PDZ proteins.
RACK
The receptors for activated C kinase (RACKs) bind to activated PKCs to localize PKC function to specific substrates (Schechtman and Mochly-Rosen 2001) . Initially, RACK1 was proposed to bind to the C2 domain of classical PKCs (Ron et al. 1995) , but additional specificity for PKC␤II was due to additional interactions in the C-terminal extension (Stebbins and Mochly-Rosen 2001) , and interactions between novel PKCs and RACK have also been described (Besson et al. 2002) . RACK has been shown to be important for PKC phosphorylation of GABA receptors and the apoptotic kinase Jnk (Brandon et al. 2002; Lopez-Bergami et al. 2005) , although RACK has not been shown to be isoform specific for these phosphorylations. RACK is localized in a number of cellular regions, but is most abundant on ribosomes, and may be particularly important in PKC regulation of translation (Nilsson et al. 2004 ).
PKC and the cytoskeleton PKC regulates the cytoskeleton and this involves both direct interactions both between PKC and the cytoskeleton and between PKC and cytoskeleton-associated proteins (Larsson 2006) . In Aplysia, both PKC Apl I and PKC Apl II bind to actin filaments and microtubule bundles and are translocated to the cytoskeleton by phorbol esters (Nakhost et al. 1998 (Nakhost et al. , 2002 Kabir et al. 2001 ). In contrast, 5-HT translocates PKCs to the plasma membrane, and not to the cytoskeleton (Zhao et al. 2006 ). The physiological stimulus that causes PKC translocation to the cytoskeleton is not clear, but even in the absence of stimuli, PKC Apl I and PKC Apl II are associated with the cytoskeleton in growth cones (Nakhost et al. 1998 (Nakhost et al. , 2002 . In some cases the cytoskeleton can replace phospholipids for the activation of PKCs (Blobe et al. 1996) or retain PKC in an active conformation (Prekeris et al. 1996) . In vertebrates, isoform-specific regions have been shown to enhance PKC associations with actin for both PKC (Prekeris et al. 1996) and PKC␤II (Blobe et al. 1996; Slater et al. 2000) . The interaction of PKC with actin is important for the ability of PKC to increase glutamate release in synaptosomes (Prekeris et al. 1996 ). This sequence is not conserved in PKC Apl II, but a neighboring region that has also been implicated in PKCcytoskeleton interactions is conserved (Ling et al. 2005) .
PDZ-binding sites
Some PKCs have C-terminal residues that allow for binding to proteins containing PDZ domains. The prototypical example of this is the eye-specific classical PKC in Drosophila that binds to the phototransduction-signaling scaffold INAD (Adamski et al. 1998) . Binding is required for PKC's role in visual adaptation in this system (Adamski et al. 1998) . PKC Apl I contains a PDZbinding region, and this site may localize Apl I near its targets for regulating transmitter release (Wan et al. 2006) . In vertebrates, PKC␣ contains a PDZ-binding site that binds to PICK (Staudinger et al. 1997) , and this is important for plasticity (see below). This is a major difference between classical isoforms in vertebrates, since PKC␤1, ␤II, and ␥ all lack this site. Atypical PKCs contain a highly conserved PDZ-binding site, although there has been little work at defining its role and binding partners.
PB1-binding proteins
Atypical PKCs have been shown to bind many proteins through the PB1 domain at its N-terminal (Moscat and Diaz-Meco 2000) . This includes PAR-6 that directs atypical PKCs to regulate cell polarity (Ohno 2001) and ZIP proteins that couple atypical PKCs to regulation of ion channels (Gong et al. 1999) . None of these interactions are important for PKM, since it does not contain the regulatory PB1 domain. However, PKM does still retain the PDZbinding domain, and it will be interesting to determine whether this is important for its substrate specificity.
Isoform-specific inhibitors
To determine the role of specific isoforms in plasticity, one requires isoform-specific inhibitors. These include pseudosubstrate-based peptides, inhibitors based on the ATP-binding site, peptides based on the RACK binding sites, dominant-negative kinases, and genetic or siRNA-based removal of specific isoforms.
Pseudosubstrate-based peptides
Peptides based on the pseudosubstrate sequence, the region of the regulatory domain that naturally occupies the substratebinding pocket in the inactivated kinase, are commonly used as PKC inhibitors. However, since all PKCs phosphorylate similar sequences, these peptides are not necessarily isoform specific. In Aplysia, pseudosubstrate-based peptides from PKC Apl I and PKC Apl II were not isoform-specific inhibitors (Sossin and Schwartz 1992) . While pseudosubstrate-based peptides based on the classical PKCs (PKC19-31 or PKC19-36) are commonly used to block PKC activity, it does not distinguish between novel and classical PKCs, and probably also inhibits other kinases such as CAMKII (Hvalby et al. 1994) . In contrast, the myristoylated ZIP peptide based on the pseudosubstrate of the atypical PKC has been used Cold Spring Harbor Laboratory Press on October 10, 2017 -Published by learnmem.cshlp.org Downloaded from as a specific inhibitor of atypical PKCs (Liu et al. 2000; Ling et al. 2002) .
Inhibitors based on ATP-binding site
Staurosoporine was initially identified as a PKC inhibitor that was a competitive inhibitor for ATP (Tamaoki et al. 1986 ). While staurosporine has been shown to inhibit many related kinases, derivatives of staurosporine have been developed as PKC-specific and isoform-specific inhibitors that are widely used. Bisindoylmaleamide I/GF 109203x is an effective and fairly specific inhibitor of most classical and novel PKCs, but is largely inactive against atypical PKCs (Toullec et al. 1991) , including Apl III (T. Lim and W. Sossin, unpubl.) . Several derivatives of staurosporine (Gö 6976, R 0 -32-0432), are selective for classical PKCs compared with novel PKCs in vertebrates (Martiny-Baron et al. 1993; Mizuno et al. 1993 ), although they do not distinguish between PKC Apl I and PKC Apl II in Aplysia (W. Sossin, unpubl.) . These inhibitors can even distinguish between classical isoforms; LY333531 can specifically inhibit PKC␤ as opposed to PKC␣ or ␥ (Ishii et al. 1996) .
Other pharmacological inhibitors
Chelerythrine binds to the substrate-binding pocket and appears to inhibit all classes of PKC (Herbert et al. 1990 ), but may be more specific for PKMs (Ling et al. 2002; T. Lim and W. Sossin, unpubl.) due to greater access to the substrate-binding pocket in the absence of the pseudosubstrate. Calphostin-C inhibits the kinase by binding to the C1 domain and then inactivating the enzyme irreversibly through free radical production and destruction of the kinase (Gopalakrishna et al. 1992) . Atypical PKCs and PKMs are thus not inhibited by calphostin C.
Peptides based on RACK binding
Since RACK binds only to activated PKC, the RACK-binding site is presumed to be hidden in the inactive kinase by a pseudo-RACK site. Inhibitor peptides based on the RACK-binding site can block kinase activity either by blocking RACK binding or by interacting with the pseudo-RACK site, keeping the enzyme in an inactive conformation (Schechtman and Mochly-Rosen 2001) . Peptides based on the pseudo-RACK site are also used as isoformspecific PKC activators (Schechtman and Mochly-Rosen 2001) . Many of these peptides are based on sequences in the C2 domain, and they may also affect PKCs by causing conformational changes in the enzyme irrespective of their effect on blocking PKC binding to interacting partners (Schechtman et al. 2004 ).
Dominant-negative PKCs
Expression of kinase-dead PKCs (PKCs where the kinase domain has been mutated so that it cannot transfer ATP) can act as dominant-negatives by competing with endogenous PKCs for proteinprotein interactions or substrate binding (Toker 2003) . Since protein-protein interactions are often isoform specific, these can be isoform-specific inhibitors. At high levels, the kinase-dead PKCs may become nonspecific by competing for shared PKC requirements such as DAG and the activating enzyme PDK (GarciaParamio et al. 1998) . In Aplysia, dominant-negative PKC Apl I and dominant-negative PKC Apl II appear to be isoform specific, since they inhibit distinct forms of synaptic plasticity (Zhao et al. 2006 ). There are also numerous examples of dominant-negative PKCs demonstrating isoform specificity in other systems (Soh et al. 1999; Sivasankaran et al. 2004 ).
Knockouts, antisense, and siRNAs
Removing specific isoforms of PKCs, through antisense oligonucleotides or siRNAs, can remove individual PKC isoforms and thus be used to determine isoform specificity (Irie et al. 2002; Toker 2003) . The stability of PKC is an issue for antisense and siRNA techniques, since they do not remove previously synthesized enzyme, and this may be an issue in the nervous system. In mice, the usefulness of knockouts can be limited by the redundancy of PKCs within a class; however, there are some interesting isoform-specific effects of PKC knockouts on synaptic plasticity (see below).
Roles for PKC in synaptic plasticity
Roles for PKC in Aplysia
Most research in Aplysia has focused on the plasticity between sensory and motor neurons that underlies behavioral sensitization (Kandel 2001) . Release of 5-HT from interneurons is necessary and sufficient for behavioral sensitization (Glanzman et al. 1989; Byrne et al. 1993) . 5-HT-mediated increases in the strength of the synapse between the sensory and motor neurons, called facilitation, is a cellular analog of sensitization (Byrne et al. 1993; Byrne and Kandel 1996) . PKC activity is required for several aspects of facilitation, including facilitation at synapses that have been previously depressed (Ghirardi et al. 1992 ), prolonged facilitation when 5-HT is coupled to activity (Sutton and Carew 2000) , and facilitation after longer applications of 5-HT (Byrne and Kandel 1996; Hawkins et al. 2006) . PKC has also been linked to a number of secondary physiological effects of 5-HT in sensory neurons, including the modifications of ion channels (Sawada et al. 1989; Critz and Byrne 1992; Sugita et al. 1992; Braha et al. 1993; Byrne and Kandel 1996) and the regulation of protein synthesis (Yanow et al. 1998) .
PKC Apl II is critical for the reversal of synaptic depression induced by 5-HT
The sensory-motor neuron synapse shows significant depression even when stimulated at low frequencies, and this is linked to behavioral habituation (Castellucci et al. 1970; Castellucci and Kandel 1974) . This synaptic depression can be reversed by application of 5-HT, and this is linked to behavioral dishabituation (Hochner et al. 1986b; Hawkins et al. 2006) . Interestingly, the mechanism for the reversal of synaptic depression is distinct from that of the facilitation of nondepressed synapses, as the reversal of depression is dependent on PKC, while facilitation of nondepressed synapses at early times is dependent on PKA (Ghirardi et al. 1992) . The reversal of depression is mediated by PKC Apl II. 5-HT application is sufficient to translocate PKC Apl II, but not PKC Apl I (Zhao et al. 2006 ) and dominant-negative PKC Apl II, but not dominant-negative PKC Apl I blocks 5-HT mediated reversal of depression (Manseau et al. 2001) . Thus, PKC Apl II can phosphorylate a protein important for the reversal of depression, although this substrate is still not known. The specific proteinprotein interactions required for this form of synaptic plasticity are not clear, but the fact that the PKC Apl II C2 domain alone did not act as a dominant negative suggests that any interaction was not mediated through the C2 domain (Manseau et al. 2001) .
The actions of PKC Apl II are likely to regulate some aspect of the release process. Interestingly, the vertebrate homolog of PKC Apl II, PKC, has also been strongly implicated in the regulation of transmitter release in vertebrate neurons (Terrian et al. 1991; Prekeris et al. 1996; Saitoh et al. 2001 ) and the Caenorhabditis elegans ortholog (PKC-1) has also been recently implicated in regulating transmitter release (Sieburth et al. 2007 ). There may be highly conserved substrates and/or highly conserved proteinprotein interactions that underlie this role.
Why does PKC Apl II not cause facilitation of nondepressed synapses after short applications of 5-HT?
Despite the fact that 5-HT translocates PKC Apl II during facilitation as well, neither inhibitors of PKC nor dominant-negative Cold Spring Harbor Laboratory Press on October 10, 2017 -Published by learnmem.cshlp.org Downloaded from PKC Apl II blocks synaptic facilitation measured at 5 min after 5-HT application in nondepressed synapses (Ghirardi et al. 1992; Manseau et al. 2001 ). This suggests that PKC Apl II cannot phosphorylate proteins involved in facilitation at this time point. In contrast, activation of PKC with PDBu can facilitate nondepressed synapses (Braha et al. 1990; Houeland et al. 2007 ). This is not due to a non-PKC effect of phorbol esters, since PKC inhibitors block facilitation by PDBu (Braha et al. 1990; Houeland et al. 2007 ). Thus, since both PKC Apl I and PKC Apl II are activated by PDBu (Zhao et al. 2006) , it suggests that PKC Apl I can phosphorylate a protein that causes facilitation of nondepressed synapses, and the reason 5-HT does not cause facilitation through PKC is due to the lack of translocation of PKC Apl I. The substrate involved in PDBu facilitation is probably SNAP-25, since expression of SNAP-25 with the PKC site mutated to alanine blocks PDBu-mediated facilitation (Houeland et al. 2007) . PKC phosphorylation of SNAP-25 has also been shown to be important in regulating transmitter release in vertebrates, although the isoform of PKC involved has not been determined (Nagy et al. 2002) .
Does PKC Apl II cause facilitation at later times through increasing spike broadening?
Longer applications of 5-HT can cause facilitation that is more sensitive to PKC inhibitors (Byrne and Kandel 1996; Hawkins et al. 2006) . While spike broadening is sufficient to increase transmitter release (Hochner et al. 1986a; Klein 1994) , at early time points 5-HT causes facilitation largely independently of increases in spike broadening (Klein 1994) . However, spike broadening increases with longer applications of 5-HT, and this later increase is sensitive to PKC inhibitors and is probably due to PKC regulation of a voltage-dependent potassium channel (Baxter and Byrne 1989; Sugita et al. 1992; 1994) . Prolonged applications of 5-HT do not activate PKC Apl I (Y. Zhao, K. Martin, M. Klein, and W. Sossin, unpubl.) , so this is also probably due to activation of PKC Apl II. However, it is not clear why this effect is delayed compared with the reversal of depression. It is not due to delayed activation of PKC Apl II, but could be due to requirements for additional steps downstream of PKC activation for this modulation (i.e., insertion of channels), or due to poor efficiency of PKC phosphorylation of this substrate.
PKC Apl I is critical for the induction of intermediate facilitation
When 5-HT is coupled with synaptic activity, a form of intermediate-term facilitation (ITF) is induced that lasts for hours after stimulation (Bailey et al. 2000; Sutton and Carew 2000) . Interestingly, PKC is important both for the induction and the expression of ITF (Sutton and Carew 2000) . While PKC Apl I is not translocated by 5-HT alone, it is translocated when the sensory neuron is fired in the presence of 5-HT (Zhao et al. 2006) . Furthermore, dominant-negative forms of PKC Apl I block ITF, but dominant-negative forms of PKC Apl II do not (Zhao et al. 2006) . In this case, isoform specificity is not due to selectivity of activation, since PKC Apl II is also activated during ITF, but suggests that PKC Apl I can phosphorylate specific proteins not accessible to PKC Apl II, perhaps SNAP-25.
The requirement for both activation of a G-protein-coupled receptor leading to PLC activation and DAG production and calcium entry through voltage-gated channels seen for PKC Apl I is also seen in other models of synaptic plasticity. In Purkinje neurons, the combination of mGLUR1 receptor activation and depolarization induces long-term depression (LTD) of parallel fiberPurkinje synapses that is important for behavioral plasticity, such as eye-blink conditioning (Linden 2003) . The requirement for the conjunction of DAG and calcium suggests a requirement for a classical isoform of PKC; indeed, cerebellar LTD is not present in PKC␣ knockout mice (Leitges et al. 2004) . Interestingly, the association of PKC␣ with its PDZ partner PICK is also important for this plasticity (Leitges et al. 2004) , presumably PICK binding localizes PKC␣ to the glutamate receptor subunit, GluR2, since PKC phosphorylation of GluR2 is required for LTD (Chung et al. 2003) . This requirement explains the isoform specificity for PKC␣, since expressing PKC␥ with the PKC␣ PDZ-binding domain can rescue LTD in cultured Purkinje neurons lacking PKC␣ (Leitges et al. 2004) .
It is somewhat surprising that in the nervous system, activation of classical PKCs is rarely seen with just PLC activation, since PLC also produces inositol triphosphate (IP3) that should release calcium from internal stores. In contrast, as seen above, activation of classical PKCs, at least in the nervous system, requires additional calcium inputs. This may be due to dissociation of IP3 production from IP3 receptors in the absence of linking proteins like Homer (Tu et al. 1998) or the requirements for fairly high levels of calcium for PKC activation in cells. In Aplysia, 5HT does not cause release of internal calcium from sensory neurons despite the ability of injected IP3 to do so (Blumenfeld et al. 1990) , suggesting that there is a dissociation of IP3 production and activation of IP3 receptors.
Additional isoform-specific effects in vertebrates revealed by KO mice All isoforms of PKC (with the exception of PKM) have been knocked out in mice, and a number have been examined for effects on various types of synaptic plasticity. As mentioned above, PKC␣ plays a role in cerebellar LTD and associated motor tasks. PKC␤ knockout mice have a deficit in fear conditioning, perhaps due to its abundance in the cellular locus for this memory, the amygdyla (Weeber et al. 2000) . PKC␥ knockout mice have some deficits in LTP and LTD, and a number of other specific deficits in regulation of G protein-coupled receptors (Saito and Shirai 2002) . The limited effects of classical PKC KOs suggest that there is probably redundancy in the roles of these closely related kinases. There have been no reported effects of changes in synaptic plasticity in PKC␦ KO mice, but outside the nervous system there are major effects on apoptosis (Humphries et al. 2006) , and it is likely that this will also be true in the nervous system. Removal of PKC has revealed major roles in sensory neurons relevant to pain sensation (Khasar et al. 1999; Aley et al. 2000) , the response to ethanol (Dina et al. 2000; Olive et al. 2001) , and ischemic preconditioning (Raval et al. 2003) . PKC has been implicated in activity-dependent synapse elimination at the neuromuscular junction (Li et al. 2004 ).
PKMs are important for persistent forms of synaptic plasticity and memory
In Aplysia, the persistence of activity-dependent ITF and of sitespecific sensitization depends on persistent activation of PKC for expression, since PKC inhibitors also block the expression of ITF (Sutton and Carew 2000; Sutton et al. 2004) . This is probably due to the formation of a PKM form of PKC, since calphostin-C cannot block the expression of ITF, suggesting that the persistently active PKC has lost its regulatory domain (Sutton et al. 2004) . Furthermore, inhibitors of the protease calpain block activation of ITF, consistent with a need to form a PKM for ITF (Sutton et al. 2004 ). In the honeybee, intermediate memories are also linked to formation of a PKM (Grunbaum and Muller 1998) . Both the persistence of LTP and of behavioral memory in vertebrates have also been linked to the formation of a PKM; but in this case, it is not due to proteolysis of a classical PKC, but instead to the translation of PKM, which is formed using an alternative transcrip-tional start site (see above; Hernandez et al. 2003) . Remarkably, inhibiting PKM with a pseudosubstrate-based inhibitor can reverse both previously established LTP and memories in the hippocampus, suggesting that continuous PKM activation is required for the persistence of some memories (Ling et al. 2002; Serrano et al. 2005; Pastalkova et al. 2006) . Whether the substrates phosphorylated by PKM are isoform specific or the isoform specificity is due to the unique activation of PKM at this time is not known, as the substrate(s) important for the role of PKM have not been identified. It has also been reported that PKM can be formed in Drosophila, although it is not clear whether or not this is due to proteolysis or a unique transcriptional initiation site similar to vertebrates (Drier et al. 2002) . There is no evidence so far for a PKM Apl III in Aplysia formed from an alternative transcription start in the PKC Apl III gene (G. Ferraro, T. Lim, and W. Sossin, unpubl.).
Summary
We have reviewed the isoform specificity of PKCs in synaptic plasticity. Different isoforms play distinct roles for many reasons, including differential activation and differential targeting through isoform-specific protein-protein interactions. In general, novel PKCs probably are more easily activated by PLC activation and may play important roles in activity-independent forms of plasticity, while classical isoforms are designed to detect the conjunction of activity and G protein-coupled receptor activation. Persistent forms of synaptic plasticity sometimes rely on autonomous forms of PKC, notably PKMs.
